records before smoking, increased abnormality occurred after smoking more than twice as often as in healthy subjects. These results suggested that the effect of smoking on the heart was greater than the profession had believed; that patients with coronary heart disease were more frequently susceptible than had been realized; and that susceptibility and its absence could readily be detected by the ballistocardiogram and used as a basis for a decision whether a given patient should smoke or not. Indeed, making the decision in this way, the Mandlebaums (1952) were well impressed by the clinical result obtained by forbidding tobacco to those patients whose ballistocardiograms deteriorated after smoking.
It therefore appeared that investigators using two types of ballistocardiographs differing in their construction had obtained different results, one instrument recording a change of contour after smoking in many subjects, while the other failed to detect it, although there was ample evidence of other nicotine effects. Because of the obvious importance of the problem, it seemed wise to study a larger series of cases using a third type of ballistocardiograph, the high frequency table (Starr et al., 1939) , which has certain advantages over the other types. Therefore, experiments have been performed on the effect of cigarette smoking on 124 subjects, with results in general similar to those reported with the Dock-type instrument. So it seems evident that smoking produces, in a few persons judged to be healthy and in a much higher proportion of those having coronary disease, a striking though temporary change in the contour of the ballistocardiogram of a type readily judged abnormal because it is never seen in the records of healthy young adults.
METHOD AND MATERIAL
Seven hundred and forty-four ballistocardiograms were taken on 124 subjects. Fifty of the subjects were healthy adults from 20 to 40 years of age, and thirty were healthy adults from 40 to 60 years of age; most were doctors, nurses, or hospital technicians, but also included were a few persons referred to the hospital and found to be healthy. Forty subjects were patients judged to have coronary disease because of a history of angina of effort or an electrocardiogram characteristic of cardiac infarction or both; these patients were drawn from the wards and outpatient clinics of the University of Pennsylvania Hospital, where all had had a complete clinical study. Because of the likelihood of the development of coronary disease in such cases-two patients with idiopathic hypercholesterolkmia, one with Buerger's disease, and one with diabetes mellitus with hypertension were also studied.
All the ballistic tracings were optically recorded on a high-frequency, undamped, table ballistocardiograph, and limb lead II of the electrocardiogram was simultaneously recorded to time and identify the ballistic waves. Standardization of the ballistocardiogram, by measuring the displacement of the base line caused by a force of 280 grams, was performed frequently. The standard adjustment was a displacement of the record's base line of 1 cm. by this force.
The test was conducted as follows. The subject came to the laboratory at least two hours after the last meal. After a rest period of at least 15 minutes the first ballistocardiogram was taken and at the end of the run the subject was asked to breathe deeply. The subject was then given a popular brand of American cigarette and told to smoke it in his accustomed manner, while he continued to lie on the table. After thus smoking for one minute, he desisted briefly while a second ballistocardiogram was taken and then continued smoking for four more minutes. Then a third ballistocardiogram was taken immediately, and a fourth, fifth, and sixth record at 5-minute intervals thereafter. Blood pressure was taken by the usual auscultatory method before each ballistocardiogram. The decision whether the patient inhaled or not was made both by observing him and asking his opinion.
The tracings were studied for gross changes in wave form, the heart rate was determined, and the height and breadth of the waves were measured. Cardiac force was estimated for all records and the Tanner formula (Tanner, 1949) was used to calculate the cardiac outputs of all records normal in form. The results were analysed statistically for significant differences between the response of the normal subjects of the two age groups and the patients; and between the responses of those who inhaled the smoke and those who did not. As abnormalities of wave form were present in 34 of the 40 patients with coronary disease either before or during smoking, the cardiac output changes could be calculated in only 6 of these patients.
RESULTS
Group A-Normal subjects between 20 and 40 years of age. Forty of this group inhaled the tobacco smoke and 10 did not. Table I shows the average percentage changes in heart rate, blood Group A consists of 50 healthy persons aged 20-40 years. Group B, 30 healthy persons aged 40-60 years, and Group C patients with coronary heart disease. The figures given in the " form change " and " increased respiratory variation " columns are the percentages of the number in that group showing such ballistocardiographic changes.
pressure, cardiac force, and cardiac output and the standard deviations of the means both in those who inhaled and in those who did not. The resting ballistocardiogram of each subject was normal, and in no cases did the record become abnormal in form after smoking. In 14 subjects (28%) there was an increase in the respiratory variation of the ballistic waves, illustrated by Fig. IA , which doubtless accompanied the deeper breathing that occurs during smoking.
Group B-Normal subjects between 40 and 60 years of age. Of the 30 persons in this group, 20 inhaled and 10 did not. Table I shows the average percentage changes in heart rate, blood pressure, cardiac force, and cardiac output and the standard deviations of the means. All the initial ballistocardiograms were normal in form, but four subjects developed abnormalities of form after smoking. In three of the four positive tests the subjects, all of whom inhaled the smoke, experienced tingling of the extremities, nausea, and vertigo, so that the unduly severe cardiac response was accompanied by other manifestations of unusually severe nicotine action. An example of the change of wave form is shown by Fig. lB . In 8 persons (27%) including the four who developed wave abnormalities, there was an increase in the respiratory variation of the ballistocardiogram after smoking.
Group C-Subjects with coronary heart disease. Of this group, 33 inhaled the tobacco smoke and 7 did not. Table I shows the average percentage changes in heart rate and blood pressure of the whole group, and the changes in cardiac force and cardiac output and the standard deviations of the means in the 6 patients (all inhalers of smoke) whose values could be calculated from the records. The initial ballistocardiograms of 19 patients were normal and 21 were abnormal. Ten of the 19 patients with normal initial tracings developed abnormalities of form, and 5 of the 21 patients with abnormal initial tracings developed more severe abnormalities after smoking. Thirteen of the 15 patients with positive tests inhaled the smoke. Fig. IC Fig. 3A and 3B illustrate the records taken from the cases of hypercholesterolkmia and Fig. 3C from the case of Buerger's disease.
Effects due to inhaling the smoke. The data given in Table I show that changes in the cardiovascular dynamics occurred among those who inhaled the smoke, to a degree not found in those who did not inhale, as was certainly to be expected. This was true of all the groups studied, although the type and degree of change varied somewhat from group to group. In the healthy young persons, Group A, the average increase in pulse rate and estimated cardiac output was significantly greater in those who inhaled, but the blood pressure changes were not significantly different. In those older, healthy persons, Group B, the averages differed in the same direction, but the differences were not statistically significant. Again, in the coronary heart disease group, Group C, the average increase in heart rate was significantly higher in the smoke inhalers, but the blood pressure differences were not significant. Obviously, those who were judged to inhale the smoke exhibited greater responses to smoking than those judged not to inhale it.
Alteration of ballistic size. When the ballistocardiogram was normal in form the effect of smoking on its amplitude was not conspicuous in the young people, but amplitude diminished after smoking in both the older, healthy subjects, and the coronary group. The average diminution in the estimate of cardiac strength based on the vertical I-J distance (Starr et al., 1950) gives evidence of this. The increase of cardiac output as estimated from the ballistocardiogram was conspicuous only among the smoke inhalers of the younger group, and the changes found there were due to changes in heart rate.
Alteration in ballistic contour. When such alterations occurred after smoking, they were usually very conspicuous, as Fig. 1, 2 , and 3 show clearly. Detailed description of a ballistic abnormality of form is never easy because the contour so often changes from beat to beat within the respiratory cycle, nevertheless, several types deserve attention. In the 23 tests in which ballistic form became abnormal after smoking, the systolic ballistic waves were affected in several combinations. Angina ofeffort for two years. BP. 160/80; heart rate 72/min.; E.C. normal. Upper control record is abnormal -I is tiny and slurred during expiration and the IJ respiratory variation is abnormally large. Next record after smoking for 5 minutes; BP. 180/90; heart rate 86/min. Record more-abnormal-nadir of I above the base line and J tiny and deformed. (b) W.S., aged 54 years. Angina of effort for 3 years. B.P. 170/105; heart rate 82/min.; E.C. normal. Upper control record is abnormal-J waves are deformed and H waves equal the J waves in height in some small complexes. Second record after smoking for 5 minutes; BP. 170/95; heart rate 1 10/min. Record more abnormal-H waves are much larger and the J waves more deformed. Third record, 15 minutes after smoking; BP. 180/100; heart rate 104/min. Record still grossly abnormal. (c) C.D., aged 39 years. Angina of effort for 6 months and known hypertensive for 6 years. BP. 220/120; heart rate 84/min.; E.C. abnormal. Upper control record abnormal-I waves small. Next record after smoking for 5 minutes; BP. 240/130; heart rate 1 10/min. Record more abnormal-H and I waves smaller and K waves larger. The tracings taken 15 minutes after smoking in (a) and (c) had reverted to the control form and have not been reproduced. Idiopathic hypercholesterolkmia-blood cholesterol 620 mg. Normal cardiovascular system. BP. 100/60; heart rate 66/min.; E.C. normal. Upper control record is normal. Next record after smoking for 5 minutes; BP. 115/70; heart rate 68/min. Record abnormal-H wave increased in height and J wave smaller than H, and deformed in some complexes. (b) F.F., aged 30 years. Idiopathic hypercholesterolemia-blood cholesterol 700 mg. Normal cardiovascular system. BP. 120/80; heart rate 74/min.; E.C. normal. Upper control record is normal. Next record after smoking for 5 minutes. BP. 125/80; heart rate 78/min. Record abnormal-I waves smaller during expiration, and the IJ respiratory variation is abnormally large. (c) C.M., aged 25 years. Buerger's disease for 3 years. Amputation of right great toe. BP. 150/95; heart rate 92/min.; E.C. abnormal. Upper control record is normal. Second record after smoking for 5 minutes.
BP. 170/100; heart rate 120/min. Record grossly abnormal-I waves small, and J waves small and deformed during expiration. Third tracing, 15 minutes after smoking; BP. 150/95; heart rate 104/min. Tracing still grossly abnormal. The tracings taken 15 minutes after smoking in (a) and (b) had reverted to normal and have not been reproduced.
A combination of I and J wave abnormalities occurred in 10 cases of coronary disease, 4 normal subjects in the 40 to 60 age group, the one with Buerger's disease, and one with idiopathic hypercholesterolhmia. The abnormalities consisted of a decrease in the depth of the I wave, in some complexes the nadir of the wave being above the base line, and a decrease in height and deformity of the J wave. The changes were greatest in the small expiratory complexes. Examples of these abnormalities are shown in Fig. lB and C, 2A , and 3B and C.
A combination of H and J wave abnormalities occurred in four cases of coronary disease, one with idiopathic hypercholesterolhmia, and in the one with diabetes mellitus. There was an increase in the height of the H wave as measured from the base line and the J waves became deformed or smaller than the H waves in some of the expiratory complexes. These types of abnormalities are illustrated by Fig. 2B and 3A .
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FIc, 2  FIG. 3 group.bmj.com on June 15, 2017 -Published by http://heart.bmj.com/ Downloaded from A combination of H, I, and K wave abnormalities occurred in one patient with coronary heart disease and hypertension. In all phases of respiration the H and I waves decreased and the K wave increased in size (Fig. 2C) .
Duration of the abnormalities after smoking. In most cases the form of the ballistocardiogram reverted to its pre-smoking state within 5 minutes after the cessation of smoking. In a few instances, however, the abnormalities persisted longer than 15 minutes as shown by Fig. 2B and 3C .
DISCUSSION
The results show clearly that smoking a single cigarette has a temporary influence on the myocardial function of certain persons, as judged by the contour of the ballistocardiogram. Healthy persons under 40 are not thus affected, although the increased heart rate, the average significantly greater than in older persons, indicates that nicotine was indeed exerting its usual action. In older persons, however, even though they seemed healthy, this myocardial effect is seen occasionally, and in those with coronary heart disease it is seen in about one-third of the cases. The few patients tested who, without symptoms or signs suggesting coronary disease, were suffering from conditions in which coronary disease is a frequent complication, all showed abnormality of myocardial function after smoking. Obviously, therefore, tobacco exerts an effect on the myocardium more frequently in those with coronary disease than in healthy persons; the difference is statistically significant in my data.
The nature and significance of this effect deserves discussion. Abnormal ballistic patterns of the type encountered after smoking have never been seen in records from the hundreds of healthy young adults who have been tested in this laboratory. Patterns resembling those seen after smoking have been encountered in persons suffering from advanced heart disease as diagnosed by the usual clinical criteria. It seems likely, therefore, that the effect of tobacco on the myocardium of the susceptible subject must be regarded as deleterious.
Smoking is well known to increase respiration, blood pressure, and heart rate, and it is proper to ask the question whether the myocardial effect detected could be secondary to any of these changes. The evidence is against this possibility. Every subject was asked to take a deep breath at the end of his control tracing and in no instance were abnormalities of contour, similar to those seen after smoking, encountered. Nor is there any regular relation between these abnormalities and blood pressure or pulse rate changes. The deterioration of wave form was associated with an increase in heart rate and blood pressure in 11 of the 23 positive tests, with no change in six tests, with an increase of blood pressure alone in four tests, and with an increase in heart rate alone in two tests.
The ballistic waves that deteriorated in form after smoking are in most casesShose associated with cardiac contraction and ejection of blood into the great vessels, i.e. H, I, and J. waves, thus suggesting a change in the character of contraction and of ejection. The evidence indicates that this change is not solely the result of an increase of cardiac work, which overtaxes myocardial capacity, as six subjects with positive tests had no change in heart rate or blood pressure when the waves became abnormal, and in several others the ballistocardiogram reverted to normal when the heart rate and blood pressure were still elevated; nevertheless, it should be pointed out that increase in calculated cardiac output per minute, or increase in blood pressure, or both, did accompany the ballistic abnormality in many instances, so increased heart work might often have been a factor in producing a relative ischlmia.
A more probable primary mechanism is that of coronary vasoconstriction. This conception is supported by the character of the abnormalities of electrocardiographic wave form produced occasionally by smoking (Wilson and Johnston, 1939) which is often similar to that frequently seen in patients with cardiac infarction, and can be produced in animals whose coronary circulation has been interrupted. Coronary constriction was not demonstrated after nicotine in the older animal experiments designed to test the point (Sollman, 1948) , and this is also true in still unpublished data (Eckenhoff, personal communication) secured by more modem methods (Eckenhoff et al., 1947) . The results of the experiments of Burn (1951) indicate, however, that smoking leads to an outpouring of pituitary hormones which are well known to produce coronary vasoconstriction. This evidence therefore supports the view that coronary vasoconstriction is the explanation of the cardiac effects seen after smoking in my subjects.
But whatever the exact mechanism, the incidence of myocardial abnormality after smoking found in patients with coronary heart disease is far greater than that found in healthy persons in the older age group; this difference is statistically significant, and it indicates that pre-existing coronary artery disease enhances the deleterious effect of smoking on cardiac contraction. Fifteen of the subjects who had positive smoking tests had coronary heart disease and the remaining 8 were either in the 40 to 60 age group or suffered from diseases well known to predispose towards coronary heart disease, e.g. idiopathic hypercholesterolmmia, Buerger's disease, and diabetes mellitus. It is interesting to speculate whether in the latter eight patients the effect of nicotine exposed a latent coronary artery disease.
In the present series of cases, tobacco smoking adversely affected cardiac function in 38 per cent of the people with clinical evidence of coronary heart disease. If, as Mandlebaum and Mandlebaum (1952) have reported, the symptoms of such patients are considerably improved by abstention from smoking, then the result of this test is important in deciding the subsequent management of the patient. SUMMARY A study has been made of the effect of smoking a single cigarette on the cardiovascular dynamics of healthy persons and of patients with evidence of coronary heart disease, using a high-frequency ballistocardiograph.
In 50 healthy young persons, although there was a considerable increase in average pulse rate after smoking, the form of the ballistocardiogram remained normal in every case.
In 30 older persons believed to be healthy, a temporary abnormality of the ballistocardiogram followed smoking in 4 instances.
In 40 patients with clinical evidence of coronary heart disease, the ballistocardiogram became. abnormal or more abnormal in form after smoking in 15, or 38 per cent. In four patients without clinical evidence of coronary heart disease, but suffering from diseases in which coronary heartdisease is a frequent complication, smoking caused ballistic abnormalities in all.
Unusual cardiac sensitivity to nicotine is readily detected by the ballistocardiogram, and it is found more frequently in cardiac patients than has been generally realized. The significance of this finding is discussed.
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